Rabies, one of the oldest infectious diseases, still presents a public health threat in most parts of the world today. Its pathogen, rabies virus (RABV), can utilize its viral proteins, such as the nucleoprotein and phosphorylation protein, to subvert the host innate immune system. For a long time, the large (L) protein was believed to be essential for RABV transcription and replication, but its role in viral pathogenicity and immune evasion was not known. Recent studies have found that the conserved K-D-K-E tetrad motif in the L protein is related to the methyltransferase (MTase) activity in the viral mRNA process. In the present study, a series of RABV mutations in this motif was constructed with the recombinant CVS-B2c (rB2c) virus. Two of these mutants, rB2c-K1685A and rB2c-K1829A, were found to be stable and displayed an attenuated phenotype in both in vitro growth and in vivo pathogenicity in adult and suckling mice. Further studies demonstrated that these two mutants were more sensitive to the expression of the interferon-stimulated gene product IFIT2 than the parent virus. Taken together, our results suggest that K1685 and K1829 in the L protein play important roles in pathogenicity and immune evasion during RABV infection.
R
abies is an ancient zoonotic disease that still causes more than 55,000 human deaths around the world every year (1) . Rabies virus (RABV) belongs to the family Rhabdoviridae, genus Lyssavirus. Its genome is a nonsegmented negative-strand (NNS) RNA encoding five structural proteins: the nucleoprotein (N), phosphoprotein (P), matrix protein (M), glycoprotein (G), and large protein (L; also termed RNA-dependent RNA polymerase [RdRp] ) (2) . The ribonucleoprotein complex contains the RNA genome tightly encapsidated by N, P, and L. Both L and P are involved in the process of viral transcription and replication. Laboratory-adapted RABVs stimulate the host innate immune responses, while street viruses evade them (3), resulting in restricted enhancement of the blood-brain barrier (BBB) (4, 5) , mild inflammation, and little to no neuronal destruction in the central nervous systems (CNS) of rabies patients (6, 7) .
Type I interferon (IFN) is the first line of the host innate defense against viral infections (8, 9) . Type I IFN activates the JAK/STAT intracellular signaling pathway, leading to transcriptional induction of hundreds of IFN-stimulated genes (ISGs), many of which have antiviral activities against a wide range of viruses (10) . RABV infection activates the innate immune sensor RIG-I/MDA5, inducing the production of classical type I IFN in a few specific types of cells (11) . However, RABV has also evolved different strategies to counteract the antiviral effects of the type I IFN responses (12) (13) (14) (15) . RABV P inhibits IFN production by impairing IFN-regulatory factor 3 (IRF-3) phosphorylation (16, 17) , and it also subverts downstream signaling by blocking the nuclear transport of STAT1 (18) and alters promyelocytic leukemia protein (PML) nuclear bodies by retaining PML in the cytoplasm (19) . RABV N has been reported to play an important role in the evasion of host RIG-I-mediated antiviral responses and thereby to allow the virus to propagate efficiently and spread quickly (12, 20) .
Studies of other NNS RNA viruses, especially vesicular stomatitis virus (VSV), have revealed a highly conserved K-D-K-E motif within the L protein (21, 22) . A set of clear biochemical assays with VSV and Sendai virus (SeV) proved that the K-D-K-E motif was related to methyltransferase (MTase) activities during the viral mRNA-capping process (21, 23) . The electron cryomicroscopy structure of the full-length VSV L protein was recently resolved at 3.8 Å, providing insight into this MTase domain (24) . Moreover, the structure-based alignments of some NNS viruses, including RABV, VSV, Ebola virus, respiratory syncytial virus, and measles virus, demonstrated that the K-D-K-E motif is conserved among these viruses and would function as the N-7 and 2=-O MTases during the viral mRNA-capping process (24) . N-7 MTase activity has been proven to be required for recognition of the cap by the translation initiation factor eIF-4E (eukaryotic initiation factor 4E) and to facilitate the translation of viral mRNA (25) . Recently, some studies showed that 2=-O MTase activity could facilitate evasion of the recognition of human and mouse coronaviruses by one of the innate sensors, MDA5, or of the restriction of West Nile virus (WNV), vaccinia virus (VACV), and poxvirus by the IFNresponsive IFIT1 and -2 genes (encoding IFN-induced proteins with tetratricopeptide repeats) (26, 27) . Most recent studies have shown that VSV with defective MTase activity is highly attenuated both in vitro and in vivo, indicating that MTases play an important role in VSV pathogenesis (28) .
In the present study, the roles of the K-D-K-E motif in RABV pathogenicity and immune evasion were investigated by constructing a series of recombinant RABVs (rRABVs) with amino acid substitutions throughout the predicted MTase region in the RABV L protein. It was found that two of the mutants, rB2c-K1685A and rB2c-K1829A, were stable during at least the first 15 passages in cell culture. Compared with the parent virus, rB2c, rB2c-K1685A and rB2c-K1829A exhibited highly attenuated phenotypes both in vitro and in vivo. Further studies revealed that the K1685A and K1829A mutants did not enhance the production of IFN but were more sensitive to the expression of IFIT2 than the parent virus. These findings highlight the importance of K1685 and K1829 in rabies pathogenesis and provide a rational design for novel vaccines and therapeutics.
MATERIALS AND METHODS
Cells, viruses, antibodies, and animals. Mouse neuroblastoma cells (NA), human neuroblastoma cells (SK-N-SH), RAW 264.7 cells (a mouse macrophage cell line), HEK-293T cells, and HEK-293T-IFIT1/2 cells, which express a human IFIT1 or IFIT2 gene (29) (a gift from Jutao Guo, Drexel University, Philadelphia, PA), were maintained in RPMI 1640 medium (Mediatech, Herndon, VA) supplemented with 10% fetal bovine serum (FBS) (Gibco, Grand Island, NY). BSR cells, a cloned cell line derived from BHK-21 cells, were maintained in Dulbecco's modified Eagle's medium (DMEM; Mediatech) containing 10% FBS. VSV labeled with green fluorescent protein (GFP) (a gift from Mingzhou Chen, Wuhan University, Wuhan, China) was propagated in BHK-21 cells. A fluorescein isothiocyanate (FITC)-conjugated antibody against RABV N was purchased from Fujirebio (Malvern, PA). Anti-RABV P monoclonal antibody 1E3 was made in our laboratory. FITC-conjugated secondary antibodies were purchased from Invitrogen (Waltham, MA, USA). Female BALB/c mice at the age of 5 weeks and 1-day-old suckling Kunming mice were purchased from the Center for Disease Control and Prevention of Hubei Province, China. All animal experiments were carried out as approved by the Laboratory Animal Monitoring Committee of Hubei Province, China.
Construction of an anticipated MTase-defective RABV genome. The recombinant plasmid pcDNA3.1-B2c was constructed by inserting the genome of CVS-B2c into the mammalian expression vector pcDNA3.1 as described previously (30, 31) . Key amino acids (K1685, D1797, K1829, and E1867) were mutated to alanine or other amino acids by overlapping PCR. The primers used are listed in Table 1 . The PCR products were first digested with ClaI and KpnI (New England BioLabs, Beverly, MA) and then ligated into pcDNA3.1-B2c, which had been digested with ClaI and KpnI.
Rescue and propagation of rRABVs. All the recombinant RABVs (rRABVs) were rescued as described previously (30) and were then propagated in BSR cells or in newborn mice. Briefly, to propagate viruses in BSR cells, BSR cells in monolayer culture were infected with RABVs at a multiplicity of infection (MOI) of 0.1 and were incubated at 34°C under 5% CO 2 for 4 days. To propagate viruses in suckling mice, 1-day-old suckling Kunming mice were inoculated intracranially (i.c.) with 500 focus-forming units (FFU) of rB2c, rB2c-K1685A, or rB2c-K1829A. When paralysis developed, the mice were euthanized with CO 2 . The brains were harvested and were homogenized in DMEM, resulting in a 50% brain suspension. All the rRABVs used in the pathogenicity study were propagated in suckling Kunming mice.
Replication kinetics of rRABVs in vitro. BSR cells cultured in six-well plates were infected with rRABVs at an MOI of 5 for one-step growth curves and at an MOI of 0.01 for multistep growth curves. After 1 h of incubation, supernatants were removed, the cells were washed three times with DMEM, and fresh DMEM containing 2% FBS was added. The supernatant was harvested at 1, 2, 3, 4, and 5 days postinfection (dpi). Virus titration was carried out by a direct fluorescent-antibody assay with BSR cells as described previously (32) .
qRT-PCR. The samples (tissues or cells) were collected on ice at various time points and were homogenized with TRIzol (Invitrogen). Total RNA was extracted and was used for quantitative real-time RT-PCR (qRT-PCR) as described below. First-strand cDNA was synthesized by a First-Strand cDNA synthesis kit (Toyobo) using oligo(dT) primers (TaKaRa). Each qPCR was carried out in duplicate with approximately 100 ng DNase-treated RNA and 5 nM primer pairs by using a one-step SYBR green qRT-PCR mix kit (Toyobo). The primers used are listed in Table 1 . For absolute quantification of viral mRNA and viral genomic RNA (vRNA), a plasmid expressing RABV N was used as a standard (33) . The copy numbers of mRNA and vRNA were normalized to 1 g of total RNA. For IFN expression, mRNA copy numbers were normalized to those of the ␤-actin housekeeping gene.
Histopathology and IHC. Animals were anesthetized with ether and were perfused by intracardiac injection of phosphate-buffered saline (PBS) as described previously (34) . Brains were fixed with paraformalde-
TABLE 1 Primers used in this study
Primer Sequence (5=-3=)
hyde and were embedded with paraffin. For the immunohistochemistry (IHC) study, the sections were deparaffinized and rehydrated in xylene and ethanol, respectively. Endogenous peroxidase was quenched by incubation in 3% hydrogen peroxide. Sections were heated in 0.01 M citrate buffer at 90°C for 5 min and were naturally cooled down to room temperature. Monoclonal antibody 1E3 against RABV P was used as the primary antibody, and FITC-conjugated anti-mouse IgG was used as the secondary antibody. The sections were observed under an Olympus IX51 fluorescence microscope. IFN pretreatment. BSR cells were pretreated with increasing doses of human universal IFN-␣ (Merck Millipore) for 16 h and were then either mock infected or infected with rB2c, rB2c-K1685A, or rB2c-K1829A at an MOI of 1. At 48 h postinfection (hpi), the virus titer in the supernatant was determined by a direct fluorescent-antibody assay in BSR cells.
IFN bioassay. To detect the active type I IFN induced by RABV, an indirect method was used as described previously (11) . Briefly, RAW 264.7 cells were either mock infected or infected with rB2c, rB2c-K1685A, or rB2c-K1829A at an MOI of 1, and supernatants were collected at 12, 24, and 48 hpi. The supernatants were UV inactivated with a 254-nm UV light source for 30 min. UV-inactivated viral supernatants were then diluted 10 times in RPMI 1640 medium and were added to NA cells for 24 h. Then the NA cells were infected with VSV-GFP at an MOI of 5 for 9 h. Cells were examined for GFP expression under an Olympus IX51 fluorescence microscope.
Flow cytometry. Infected cells in plates were digested with 0.25% EDTA-trypsin. After one wash with DMEM containing 2% FBS, cells were fixed with 4% paraformaldehyde for 1 h at 4°C. Cells were stained with an FITC-conjugated antibody against RABV N for 45 min at 37°C. After staining, cells were washed three times with PBS, flow cytometry was performed on a BD-C6 flow cytometer (BD Pharmingen), and a minimum of 100,000 events were counted. Data were analyzed by BD FACSDiva (BD Pharmingen) and FlowJo (Tree Star) software.
VNA test. Virus-neutralizing antibody (VNA) titers were measured using the fluorescent-antibody virus neutralization (FAVN) test. Briefly, 50-l volumes of serial 3-fold dilutions of test serum and standard serum were prepared on 96-well microplates in 150-l volumes. Each sample was added to four adjacent wells. A 50-l volume of a rabies challenge virus (CVS-11) suspension, containing 50 to 200 FFU, was added to each well. The microplates were then incubated at 37°C for 1 h in an incubator with 5% CO 2 . Following incubation, 50 l of the cell suspension, containing 2 ϫ 10 4 BSR cells, was added to each well, and the microplates were incubated at 34°C in an incubator with 5% CO 2 for 60 h. Then the plates were fixed in 80% ice-cold acetone at Ϫ20°C for 30 min and were air dried. Cells were stained with FITC-conjugated antibodies against RABV N for 45 min at 37°C. After staining, cells were washed three times with PBS. The results were assessed by using an Olympus IX51 fluorescence microscope. VNA titers were expressed in international units per milliliter by comparison with the titer of a reference serum (obtained from the National Institute for Biological Standards and Control, Herts, United Kingdom) included in each test.
Pathogenicity of MTase-defective mutants in mice. (i) Adult mice. Five-week-old female BALB/c mice were either infected intramuscularly (i.m.) (100 l/leg) with rB2c, rB2c-K1685A, or rB2c-K1829A at a dose of 6 ϫ 10 4 FFU, mock infected with DMEM, or inoculated i.c. with the same viruses at a dose of 10 4 FFU in a volume of 30 l. Five mice from each group were euthanized at 6 dpi and 10 dpi. The brains were collected for virus quantification or the IHC study; the blood was withdrawn for VNA detection. The remaining mice were monitored over 3 weeks for clinical signs of rabies, survivorship, and body weight loss as described previously (32) .
(ii) Suckling mice. One-day-old Kunming mice were either infected i.c. with rB2c, rB2c-K1685A, or rB2c-K1829A at a dose of 20 FFU or mock infected in a volume of 20 l. The mice were observed for 21 days for clinical signs of rabies and survivorship.
Statistical analysis. All data were analyzed with GraphPad Prism software (GraphPad Software, Inc., CA). An unpaired two-tailed t test was used to determine the statistical significance of the infection ratio and viral titers in transgenic cell lines. For experiments to determine the percentage of survival, Kaplan-Meier survival curves were analyzed by the log rank test. For all tests, the following notations were used to indicate significant differences between groups: *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001.
RESULTS

Identification of the conserved K-D-K-E tetrad in RABV L and construction of rRABVs with mutations in the K-D-K-E motif.
Multiple sequence alignments of the large (L) protein among viruses belonging to the order Mononegavirales revealed the presence of a conserved catalytic K-D-K-E tetrad in the C-terminal region of the L protein of some negative-strand RNA viruses, such as VSV, measles virus, SeV, Newcastle disease virus, and Nipah virus, as well as RABV (21, 22) (Fig. 1A) . This K-D-K-E tetrad has been demonstrated to be responsible for both N-7 and 2=-O MTase activities in the capping of viral mRNA in VSV (21) . To evaluate the role of MTase in the pathogenicity of RABV, the recombinant RABV strain CVS-B2c (rB2c) was chosen due to its modest virulence and easy assessment of the pathogenicity in vivo after i.c. or i.m. infection in a mouse model (30, 34) . The four amino acids (Lys-1685, Asp-1797, Lys-1829, and Glu-1867) within the K-D-K-E motif of rB2c were individually mutated to alanine residues. The rRABVs were rescued as described previously (30) , and the site mutation was confirmed at the nucleotide level by RT-PCR and sequencing.
Substitutions in the K-D-K-E motif affect the stability of rRABVs. The rRABVs were rescued in BSR cells, and the mutant region was sequenced during each of the first 15 passages. It was noted that mutant viruses with A1797 and A1867 reverted to the wild type (D1797 and E1867) during the second passage (Fig. 1B  and C) . However, mutants with K1685A and K1829A were stable and retained the expected mutation even at the 15th passage ( Fig.  1D and E) . To make sure that the reversions did occur at D1797 and E1867, D or E was mutated to a residue with an electronic charge either similar to or different from that of the original amino acid. As a result, the mutant rRABVs rB2c-D1797L, rB2c-D1797T, rB2c-E1867T, and rB2c-E1867Q were constructed and were confirmed by RT-PCR and sequencing. Sequencing results showed that the L1797 and T1797 rRABVs began to revert to wild-type D1797 at the 3rd and 4th passages, respectively (Fig. 1B) and that the T1867 and Q1867 rRABVs reverted to wild-type E1867 at the 2nd and 4th passages, respectively (Fig. 1C) . Besides the mutations at residues 1797 and 1867, no other mutation was found within the K-D-K-E tetrad coding sequence. The same phenomenon was observed when these rRABVs were amplified in the brains of suckling mice, indicating that residues D1797 and E1867 might be indispensable for the viral life cycle, while the lysines in the K-D-K-E motif, K1685 and K1829, might be important, but not necessary, for RABV reproduction.
Growth kinetics of rB2c-K1685A and rB2c-K1829A in cell culture. At 48 hpi in BSR cells, the florescence foci of rB2c-K1685A and rB2c-K1829A were much smaller than those of the parent virus, rB2c ( Fig. 2A) . When cells were infected at a lower MOI of 0.01, rB2c-K1685A and rB2c-K1829A attained peak titers (10 4 .75 FFU/ml and 10 3.75 FFU/ml, respectively), which were much lower than that of rB2c (10 7.5 FFU/ml), at 3 dpi (Fig. 2B) ; following a high-multiplicity infection (MOI, 5), rB2c-K1685A and rB2c-K1829A reached 10 6.5 FFU/ml and 10 5.75 FFU/ml, respectively, close to the peak titer of rB2c (10 7.5 FFU/ml), but de-layed reaching the peak by 1 day (Fig. 2C) . In other IFN-competent cell lines, such as HEK-293T (Fig. 2D) and SK-N-SH (Fig. 2E ) cells, rB2c-K1685A and rB2c-K1829A displayed even more-attenuated replication compared with that of rB2c. qRT-PCR and Western blot analysis demonstrated that the mutation at K1685 or K1829 decreased viral N and G mRNA transcription ( Fig. 2F and  G) , as well as downstream N, P, and G protein expression (Fig.  2H) . Taken together, these results demonstrate that the alanine mutation at K1685 or K1829 of the RABV L protein reduces viral transcription and replication in vitro. rB2c-K1685A and rB2c-K1829A could not enhance the production of type I IFN. It has been shown previously that 2=-O MTase-defective mutants of human and mouse coronaviruses facilitate the recognition of the innate sensor MDA5 and enhance the production of type I IFN (27) . Another previous study showed that RABV induced type I IFN in only a few cell types, such as macrophages and conventional dendritic cells (cDC) (11) . To investigate the production of IFN, RAW 264.7 cells were infected with rB2c, rB2c-K1685A, or rB2c-K1829A, and vRNA and IFN-␤ (one of the early IFNs) mRNA were measured by qRT-PCR. The kinetics of vRNA demonstrated that all the viruses were unable to replicate in RAW 264.7 cells, in agreement with the previous findings (11) , and all had similar amounts of vRNA at 12, 24, and 48 hpi (Fig. 3B) . VSV-GFP, which was sensitive to IFN, was utilized to monitor the production of active IFN induced by RABV. The replication of VSV-GFP suggested that rB2c-K1685A and rB2c-K1829A induced much less active IFN than rB2c, especially at 48 hpi (Fig. 3A) . All these results suggest that, unlike 2=-O MTasedefective human and mouse coronaviruses, rB2c-K1685A and rB2c-K1829A did not enhance the production of type I IFN.
rB2c-K1685A and rB2c-K1829A are more sensitive to IFN pretreatment than rB2c. Pretreatment of cells with IFN can trigger the expression of hundreds of interferon-stimulated genes (ISGs), some of which can inhibit the replication of viruses by different mechanisms. To evaluate whether rB2c-K1685A and rB2c-K1829A are more sensitive to IFN pretreatment than rB2c, BSR cells pretreated with 10-fold-increased doses of universal human IFN-␣ were infected with each virus, and virus titers were determined at 48 hpi. As shown in Fig. 3C , rB2c was only slightly sensitive to IFN pretreatment. Even with IFN pretreatment at a dose of 1,000 IU/ml, the titer of rB2c alone decreased only 5-fold from that with mock pretreatment. In contrast, rB2c-K1685A and rB2c-K1829A showed highly upregulated sensitivity with increased concentrations of IFN (Fig.  3D ). Following pretreatment with 1,000 IU/ml IFN, the titers of rB2c-K1685A and rB2c-K1829A both decreased more than 30-fold. Together, these data indicate that an amino acid substitution at K1685 or K1829 enhances the sensitivity of RABV to some (perhaps not all) specific ISGs.
IFIT2 attenuates the replication of B2c-K1685A and B2c-K1829A viruses in vitro. Recent data show that some 2=-O MTase-defective viruses, such as mouse hepatitis virus (MHV), West Nile virus (WNV), poxvirus, and vaccinia virus, can be restricted by the expression of the IFIT1 and/or IFIT2 interferon-stimulated gene (26, 27, 35) . To evaluate whether rB2c-K1685A and rB2c-K1829A might be suppressed by IFIT1 and/or IFIT2, IFIT1/IFIT2-expressing cells were infected with each of the viruses, and the virus growth kinetics and the percentage of virus-infected cells were evaluated. Overexpression of IFIT1 did not affect the replication of rB2c-K1685A, rB2c-K1829A, or rB2c in 293T cells (Fig. 4A) . In contrast, IFIT2 expression significantly reduced the rate of virus replication for rB2c-K1685A and rB2c-K1829A by 10 3 and 10 5 FFU/ml, respectively, reductions much greater than that for rB2c (10 2 FFU/ml), at 3 dpi (Fig. 4B) . Analysis of virus-infected cells by flow cytometry confirmed that IFIT2 overexpression reduced the rate of virus replication by 60% for rB2c-K1685A and rB2c-K1829A, a reduction much greater than that for rB2c (30%), at 3 dpi (Fig. 4C) . Interestingly, the basal mRNA level of IFIT2 in SK-N-SH and 293T cells is higher than that in BSR cells (Fig.  4D ), inversely correlating with more-attenuated replication of mutant viruses in these cells (Fig. 2B, D , and E). Taken together, these data illustrate that overexpression of IFIT2, but not that of IFIT1, reduced the rate of replication for rB2c-K1685A and rB2c-K1829A in cell cultures.
rB2c-K1685A and rB2c-K1829A exhibit attenuated pathogenicity in vivo. To investigate whether the mutations at K1685 and K1829 within the K-D-K-E tetrad motif affect the pathogenicity of RABV in vivo, 5-to 6-week-old BALB/c mice were either mock infected or infected i.m. with 6 ϫ 10 4 FFU of each rRABV. Mice infected with rB2c exhibited severe clinical signs of rabies from 8 dpi (Fig. 5A ) and lost Ͼ30% of body weight at 10 dpi (Fig. 5B) , and all (n ϭ 10) died within 3 weeks (Fig. 5C ). However, rB2c-K1685A-or rB2c-K1829A-infected mice showed no clinical signs of rabies and no body weight loss. The virus titer (Fig. 5D ), viral mRNA (Fig. 5E) or vRNA (Fig. 5F) , and viral antigen detected by IHC (Fig. 5H) all demonstrated that rB2c, but neither rB2c-K1685A nor rB2c-K1829A, could cause infection of mouse brains. Together, these results indicated that no virulence of rB2c-K1685A or rB2c-K1829A was detectable in the mouse CNS by i.m. infection. Interestingly, measurement of the VNA titers in serum at 6 and 10 dpi demonstrated that rB2c-K1685A and rB2c-K1829A induced levels of humoral immunity comparable to that with rB2c (Fig. 5G) .
To investigate whether rB2c-K1685A and rB2c-K1829A stimulate robust innate immune responses, enabling the host to clear RABV before it invades the CNS, the pathogenicity of rB2c-K1685A and rB2c-K1829A was evaluated after direct inoculation into the mouse CNS. Strikingly, mice infected with rB2c-K1685A or rB2c-K1829A exhibited no clinical signs of rabies (Fig. 6A ) and no body weight loss (Fig. 6B) , while mice infected with rB2c quickly succumbed to rabies (Fig. 6C) . No virus, viral antigen, or viral RNA could be detected by virus titration, qRT-PCR, or IHC in the brains of mice infected with rB2c-K1685A or rB2c-K1829A (Fig. 6D to G) . Together, these studies indicate that rB2c-K1685A and rB2c-K1829A are highly attenuated and exhibit no detectable virulence in adult mice, even by i.c. infection.
To investigate if rB2c-K1685A and rB2c-K1829A can infect the CNS of suckling mice, 1-day-old suckling mice were infected i.c. with different doses of rRABV. As shown in Fig. 7A to C, 40 FFU of rB2c-K1685A and 80 FFU of rB2c-K1829A could kill 90% and 70% of suckling mice, respectively. With a low virus dose (20 FFU), 40% of rB2c-K1685A-infected mice and 90% of rB2c-K1829A-infected mice survived, a survival rate significantly greater than that of rB2c-infected mice (all of which died by 6 dpi) (P Ͻ 0.001) (Fig. 7D) . Together, these data demonstrate that rB2c-K1685A and rB2c-K1829A are only modestly virulent in suckling mice but are much more attenuated than rB2c.
DISCUSSION
NNS RNA viruses belong to four families: Rhabdoviridae, Filoviridae, Bornaviridae, and Paramyxoviridae (28) . All these viruses possess a large polymerase (L), which is a 220-to 240-kDa protein with multiple functions, including nucleotide polymerization and viral mRNA capping (36) . The rhabdoviruses, including VSV and RABV, have evolved an unconventional capping mechanism (37) . In the VSV L, there is a GxxT[n]HR motif (where n is 68 to 70 residues in length), which is required for the activity of GDP polyribonucleotidyltransferase (PRNTase), and a K-D-K-E tetrad, which catalyzes both guanine-N-7 (N-7) and ribose 2=-O methylation (21, 38, 39) . The nascent viral mRNA is first trans- ferred as a monophosphate RNA onto a GDP acceptor by GDP PRNTase and then sequentially methylated at the ribose 2=-O and N-7 positions, reversing the traditional methylation order (37) . Apart from sequence analyses, very little is known about the RABV L protein, because there is no easy system for reconstituting transcription and replication in vitro as there is for other viruses, such as VSV and SeV (40) . Thus, the details of mRNA modification for RABV are poorly understood, and most of the information comes from the study of VSV.
In the sequence alignment of the MTase domains of some typical NNS RNA viruses, a highly conserved K-D-K-E catalytic tetrad is found among the L proteins (Fig. 1A) . Recent studies indicate that substitutions in the K-D-K-E tetrad motif abolish 2=-O or N-7 MTase activities, or both, for some viruses. For flaviviruses, including Japanese encephalitis virus (JEV), WNV, and dengue virus (DENV), mutation of the E in the K-D-K-E tetrad completely abolishes the 2=-O MTase activities, while the N-7 MTase activities are retained (41) (42) (43) (44) . In the severe acute respiratory syndrome coronavirus (SARS-CoV), a mutation at any of these residues ablates 2=-O but not N-7 MTase activities (45, 46) . However, biochemical assays with VSV demonstrate that substitution at any residue in the K-D-K-E motif ablates both guanine-N-7 and ribose 2=-O MTase activities (21) . N-7 methylation is believed to be essential for RNA translation and stability (21, 47) . The role of 2=-O methylation has been elusive for a long time. Recent studies demonstrate that 2=-O methylation activity helps a virus escape host innate immune recognition. Mutants of WNV, JEV, DENV, and SARS-CoV defective in 2=-O MTase activity exhibit an attenuated viral pathogenicity phenotype (26, 35, 41, 48) .
In contrast to 2=-O MTase-defective mutants of human and mouse coronaviruses, rB2c-K1685A and rB2c-K1829A fail to induce more-robust type I IFN production than rB2c, indicating that the absence of MTase activity in RABV does not contribute to recognition by the innate sensor RIG-I/MDA5. Nevertheless, like the other 2=-O MTase-defective mutant viruses (WNV-E218A, MHV-D130A, and VACV-J3-K175R) (26), rB2c-K1685A and rB2c-K1829A are more sensitive to type I IFN than rB2c, suggesting that these mutants maintain IFN-based attenuation in vitro.
The different biologic functions of IFN are mediated by the products of specific IFN-stimulated genes (ISGs) in the target cells. Among them, the IFN-induced proteins with tetratricopeptide (IFIT) repeats are expressed at very low basal levels, but these are the most strongly induced ISGs during many viral infections (49) (50) (51) (50) . Recent studies demonstrated that IFIT1 and -2 could specifically inhibit virus replication by recognizing viral mRNA lacking 2=-O methylation. IFIT1 could inhibit JEV replication by interacting with 2=-O unmethylated RNA in vitro (26, 35) . However, in our present study, we found that IFIT1 overexpression could not significantly inhibit the replication of rB2c-K1685A or rB2c-K1829A in 293T cells, compared with that of rB2c (Fig. 4) . In agreement with other studies with WNV, MHV, poxvirus, and vaccinia virus, IFIT2 overexpression significantly restricts MTase-defective RABV in vitro (26) . Interestingly, IFIT2 also showed the ability to suppress the replication of the parent virus, rB2c, in cell cultures. A recent report showed that IFIT2 could suppress the spread of VSV in the mouse CNS (52) . It will be interesting to investigate the role of IFIT2 in the pathogenicity of RABV in vivo.
As expected, rB2c-K1685A and rB2c-K1829A displayed highly attenuated phenotypes in vivo following i.m. infection. Surprisingly, these two mutants exhibited undetectable virulence in the adult mouse after i.c. infection, suggesting that substitution at K1685 or K1829 almost abrogates the virulence of rB2c in adult mice. There are at least two explanations for this attenuation mechanism. First, the attenuated replication of rB2c-K1685A and rB2c-K1829A in BSR cells relative to that of rB2c and the much smaller size of the mutants' fluorescence foci indicate that mutation of K1685 or K1829 in the L protein significantly reduces RABV replication and spreading. Second, without 2=-O MTase activity, rB2c-K1685A and rB2c-K1829A exhibit enhanced sensitivity to IFIT1 and -2 inhibitory activity. In suckling mice, which lack strong immune responses, rB2c-K1685A and rB2c-K1829A restored robust viral replication and displayed modest virulence in the CNS, suggesting that K1685 and K1829 contribute to immune evasion in vivo.
In summary, our studies demonstrate that substitutions within the K-D-K-E tetrad in RABV L highly attenuate viral pathogenicity both in vitro and vivo. The K1685A and K1829A mutant RABVs display undetectable virulence but elicit humoral immunity comparable to that with the wild type; thus, they may have the potential to be developed as avirulent RABV vaccines.
